We report the formation of enzyme-free electrochemical glucose sensors by electrochemical dealloying palladium-containing PdNi-P metallic glasses. When metallic glasses with different Pd contents are used as the dealloying precursor alloys, palladium-based nanoporous metals with different ligament and pore sizes can be obtained. The chemical compositions of the nanoporous metals also vary according to the different precursor compositions. All the as-obtained nanoporous metals exhibit electrochemical catalytic activity towards the oxidation of d-glucose, indicating that the nanoporous metals prepared by dealloying the Pd-Ni-P metallic glasses are promising materials for enzyme-free electrochemical glucose sensor.
Introduction
Dealloying (chemical or electrochemical) is a simple and effective way to prepare well-defined nanoporous metals (NPMs) that are regarded as one of the most promising new materials for functional applications in nanotechnology [1] [2] [3] [4] [5] . Since the nanoporosity is formed by a self-assembly process through surface diffusion instead of excavating one phase from a preseparated multiphase system, the dealloying precursors should be homogenous with no phase separation prior to dealloying [5] . Usually, crystalline intermetallic compounds or solid solution alloys are used as the dealloying precursors. Recently, there are some attempts to synthesize NPMs by dealloying metallic glasses. For example, using Pd 30 Ni 50 P 20 metallic glass as a dealloying starting alloy, Yu et al. succeeded in fabricating pure NPPd which exhibited high catalytic activity towards the oxidation of formic acid [6] , indicating that metallic glass is a new suitable system to form useful NPMs.
In this study, we report the formation of Pd-based NPMs which exhibit high catalytic activity towards the electrochemical oxidation of glucose. Enzyme-free electrochemical glucose sensors are based on the utilization of nonenzymatic catalyzer for the conversion of the target analytes into electrochemically detectable products. Due to the simple assembling and high sensitivity, the enzyme-free electrochemical glucose sensors have attracted considerable interest in the field of both industrial applications and theoretical applications. NPMs, such as NPAu and NPPt with a bicontinuous network structure and a tunable feature dimension, have proven to be very active in the oxidation of glucose, making them ideal glucose sensing material [7] [8] [9] . In this study, NPPd enzymefree electrochemical glucose sensors with high catalytic activity are successfully prepared by dealloying Pd Ni 80− P 20 metallic glasses.
Experimental
The Pd Ni 80− P 20 ( = 10, 20, 40) mother alloys were prepared by melting the mixture of pure Pd (purity, 99.9 wt%) and Ni (purity, 99.95 wt%) elements with prealloyed Ni-P ingots in vacuum fused silica tubes, followed by B 2 O 3 flux treatment. From the mother alloys, glassy ribbons with a thickness of about 0.02 mm and a width of about 2 mm were fabricated by single-roller melt-spinning technique at by scanning electron microscopy (SEM) and the chemical compositions were identified by an energy dispersive X-ray spectrometer (EDS). The catalytic properties of the Pd-based NPMs towards the oxidation of d-glucose were evaluated by cyclic voltammetry (CV) measurements in a CHI-760D electrochemical workstation, where the NPMs were used as the working electrode, a Pt foil was used as a counter electrode, and an SCE was used as the reference electrode. All the aqueous solutions used in the CV test were prepared with triply distilled water and deoxygenated by bubbling high purity N 2 for half an hour.
Results and Discussion
The XRD patterns of the Pd Ni 80− P 20 ( = 10, 20, and 40) ribbons in Figure 1 show only a broad diffraction maximum without any observable crystalline peaks, demonstrating the formation of a homogenous amorphous structure in all the dealloying precursors.
With the aim of finding out a proper dealloying potential for the three glasses with different Pd content, the potentiodynamic polarization test is performed on Pd Ni 80− P 20 ribbon in 0.8 M H 2 SO 4 and 0.2 M H 3 PO 4 solutions and the results are shown in the inset of Figure 2 ; all the Pd Ni 80− P 20 ribbons firstly experience a spontaneous passivation in the anodic region (about 0 to 0.70 V), where dealloying can hardly occur due to the extremely low current density. A rapid current density rise appears at about 0.75-0.80 V and the current "apex nasi" (critical dealloying potential) increases with the Pd content in Pd Ni 80− P 20 . This result may be attributed to the difference in potential required to dissolve Ni and Pd components in their pure form. According to the theoretical computation [5] and practical experiments [10] , the bulk critical dealloying potential of the precursor alloys increases as the content of the component with higher standard electrode potential increases. In this study, the standard electrode potential of Pd/Pd 2+ is 0.34 V, much higher than that of Ni/Ni 2+ (−0.25 V). Therefore, the increase of Pd in metallic glasses leads to higher critical dealloying potential. Since the selective etching of Ni and P can take place above 0.80 V in all the Pd Ni 80− P 20 glasses, 0.80 V is chosen as the standard dealloying potential to form NPMs. As is shown in Figure 2 , the dealloying process of three glasses is mainly composed of two current stages, similar to that of dealloying solid solutions and intermetallic metals: steady stage and decay stage [11] . The steady stage increases obviously with increasing Pd content in the metallic glasses, which may be attributed to the different overpotential used in dealloying the glasses. Since it has the highest critical dealloying potential among the three glasses, the Pd 40 Ni 40 P 20 glass is dealloyed at the lowest overpotential (the different between the applied dealloying potential and the critical dealloying potential). Similarly, the Pd 10 Ni 70 P 20 glass is dealloyed at the highest overpotential. As a consequence, the dealloying kinetic decreases with the increasing Pd content in Pd Ni 80− P 20 glasses though the applied dealloying potential is the same for all three dealloying precursors. an open, three-dimensional, ligament-channel nanoporous structure, indicating that NPMs can be obtained by dealloying the Pd Ni 80− P 20 metallic glasses with a Pd content ranging within 10-40 at%. NPM 1# contains a rather coarse nanoporous structure, as is evidenced by the inhomogeneous pores with a size ranging within 5-200 nm and ligaments with a width of 7-8 nm. The increase of the Pd content to 20 at% in the metallic glass results in a refined nanostructure in NPM 2#, where nanopores of 10-20 nm and metallic ligaments of 7-8 nm are homogenously dispersed. The finer structure may be attributed to the combination of relatively low dealloying overpotential and short dealloying time. Lower overpotential usually leads to higher activation energy for the diffusion of the noble element and thus improves the fine nanostructure in the NPM 2# [5, 12] . The short dealloying time is another important factor. Since the dealloying time is relatively short, the diffusion distance of Pd is limited. Thus, large pores and ligaments can barely form. Similar with NPM 1#, NPM 3# exhibits a coarse microstructure with nanopores ranging within 10-100 nm and metallic ligaments within 10-50 nm. The coarsening of NPM 3# may be caused by the much longer dealloying time. The dealloying kinetic of Pd 40 Ni 40 P 20 is the lowest among the glasses in this study and longer dealloying time is required to fully dealloy the Pd 40 Ni 40 P 20 glass. In the located areas where the selective cession is complete, pure coarsening of the ligaments takes place and leads to located collapse. The morphology of NPM 3#, thus, becomes coarse and inhomogeneous.
The chemical compositions of the NPMs measured by EDS are summarized in Table 1 . The results show that all the NPMs are mainly composed of Pd, together with a small amount of Ni and P, indicating that Pd-based NPMs are obtained. The preservation of much positive Ni and P elements in porous Pd can be explained by the core-shell structure which forms during dealloying [13] . When the positive elements (Ni and P) dissolve, the inert Pd atoms will be liberated and accumulated on the surface of the ligaments, forming a Pd or Pd-rich shell. If the applied dealloying potential is lower than the critical dealloying potential of the newly formed shell, no further dissolution is possible. Both Ni and P residuals in NPMs decrease with the increasing Pd content in Pd Ni 80− P 20 metallic glasses; that is, Ni decreases from 5.94 at% in NPM 1# to 3.00 at% in NPM 3#, and P goes down from 4.1 at% NPM 1# to 2.00 at% in NPM 3# when the Pd content in the glass precursors increases from 10 to 40 at%.
The electrocatalytic activities of the as-prepared NPMs towards glucose electrooxidation were characterized by CV curves in 0.1 M KOH alkaline aqueous solutions with and without 50 mM of glucose (Figure 4) . In 0.1 M KOH + 50 mM glucose solutions, all the NPMs exhibit a sharp current density peak at the potential range from −0.10 V to −0.03 V, which cannot be detected in pure KOH solution. According to the former related reports, the current peak is associated to the absorption of OH −1 and the oxidation of glucose and intermediate [14] , indicating that the NPMs prepared by dealloying the Pd Ni 80− P 20 metallic glasses have catalytic activity towards the electrochemical oxidation of glucose.
The current density/the potential of oxidation peak of NPM 1#, NPM 2# and NPM 3# are about 16.3 mA⋅cm −2 /−0.03 V, 20.9 mA⋅cm −2 /−0.1 V and 4 mA⋅cm −2 /−0.03 V, respectively. Clearly, NPM 2# with the smallest pore size shows the highest oxidation current density and the lowest oxidation potential. Similar phenomenon has been found in other NPMs. For instance, Ge et al. studied the size effect of NPAu for methanol electrooxidation. They found that the smaller pore and ligament size leads to higher electrooxidation activity, consistent with our results [3] .
The electrochemical stabilities of the NPMs prepared by dealloying Pd Ni 80− P 20 glasses are also investigated by CV tests for 1000 potential cycles performed in KOH alkaline aqueous solutions with 50 mM glucose and the results are shown in Figure 5 . After 1000 times of CV scans, the oxida- tion peak of NPM 1# shifts to lower potential and the peak density drops to 67% of the first test value. In the case of the NPM 2#, the peak density is 64% of the first test value while the peak potential does not move. For NPM 3#, the catalytic activity suffers the most serious gradation, as evidenced from the disappearance of the characteristic oxidation peak. To further clarify the reason which leads to the different catalytic stability of the NPMs, the morphology of the NPMs that undergo 1000 times of CV scans is investigated and the results are shown in Figures 3(d)-3(e) . Coarsening of the nanopores and ligaments can be vividly seen in all the NPMs. In NPM 1#, the pores size is almost the same as that of the as-obtained NPM 1#, but the ligaments increase up to about 25-50 nm. In NPM 2#, the pores size increases up to 10-100 nm and the ligaments are about 25-50 nm. The most apparent nanostructure coarsening can be observed in NPM 3# after 1000 times of CV scans. The ligaments degenerate and aggregate to nanoparticles with a size of about 200 nm and the bicontinuous ligaments-nanoporous structure can hardly be seen. The coarsenes structure may cause the great decrease of the active Pd sites and the catalytic actively of the NPMs.
Conclusion
Pd-based NPMs can be prepared by dealloying the Pd Ni 80− P 20 metallic glasses ( = 10, 20, 40). When the content of Pd content is 20 at% in the Pd Ni 80− P 20 metallic glass, Pd-based NPM with the most homogeneous nanoporous structure can be obtained and it is chemically active to the electrochemical oxidation of glucose.
